Abstract Though not present in the normal adult cornea, both hem-and lymph-angiogenesis can be induced in this tissue after an inflammatory, infectious, or traumatic insult. We previously showed that the chemokine CXCL10 plays a key role in eradicating invading Candida (C.) albicans in C57BL6 mouse corneas. However, even after the clearance of pathogens, infection-induced inflammation and angiogenesis continue to progress in the cornea. The aim of this study is define the role of CXCL10 as a major angiostatic factor in modulating cornea angiogenesis in B6 mouse corneas under pathogenic conditions. We showed that epithelial expression of CXCL10, driven by AAV9 vector, suppressed both infection-and inflammation-induced hem and lymph angiogenesis, whereas the neutralization of CXCL10 as well as its receptor CXCR3 greatly promoted these processes. The inhibitory effect of CXCL10 was unrelated to its antimicrobial activity, but through the suppression of the expression of many angiogenic factors, including VEGFa and c, and MMP-13 in vivo. Inhibition of MMP13 but not TIMPs, attenuated suture-induced neovascularization but had no effects on CXCL10 expression. Strikingly, topical application of CXCL10 post-C. albicans infection effectively blocked both hem-and lymph-angiogenesis and preserved the integrity of sensory nerves in the cornea. Taken together, CXCL10 has strong inhibitory effects on neovascularization, whereas MMP13 is required for neovascularization in C. albicans-infected corneas and the local application of CXCL10 or MMP13 inhibitors, alone or as adjuvant therapy, may target hem-and lymphangiogenesis in the inflamed corneas.
Introduction
Corneal avascularity is a prerequisite for the maintenance of vision. The cornea is the forefront tissue in the visual pathway, providing a clear structure for the passage of light. It is also one of few tissues in the body that is normally devoid of any vascular blood or lymphatic structures. Studies have identified multiple mechanisms, including the expression of anti-angiogenic factors, lack of pro-angiogenic factors, and expression of soluble VEGF receptors as underlying mechanisms for maintaining cornea avascularity [1] [2] [3] [4] [5] . However, many pathological conditions such as trauma, chemical injury, inflammation, and infection can break the balance of pro-and anti-angiogenic actions, resulting in hem-angiogenesis (HG; the development of new blood vessels) and lymph-angiogenesis (LG; the development of new lymphatic vessels) [6] [7] [8] [9] . While presence of blood vessels certainly obstructs the light pass, the formation of new vascular structures in areas that were previously avascular will induce aberrations in the unique organized structure of the cornea, resulting in a decrease in visual acuity or even blindness [10, 11] . As for lymphangiogenesis, in addition for obstruction of corneal stroma structure, lymphatic vessels may contribute to a decreased success rate of corneal transplantation in a vascularized cornea by accelerating antigen recognition, resulting in graft rejection [7, [12] [13] [14] [15] . Hence, Given the simple structure of the cornea, which lacks appendages (e.g., glands) and pre-existing blood-and lymph-vessels, the accessibility of the tissue, and the availability of a battery of clinical tests that can be adapted in animal models, the cornea has been used as an ideal in vivo model for HG research over 50 years [16] , and more recently for LG [17] .
Fungal keratitis, such as that caused by C. albicans can result in devastating ocular damage, including neovascularization [17] , if not diagnosed and treated promptly [18] . We adopted a B6 mouse C. albicans model in which the invading pathogens were eliminated spontaneously within 3 days of infection while inflammation lingered on for about two weeks. In C. albicans-infected B6 mouse corneas, we also noticed visible neovascularization at day 3, which peaked at day 7, and retraction thereafter, similar to reports by others. [17, 19] By day 14, the corneas were mostly disease free. Since at and/or after 3 dpi there was no recoverable C. albicans from the infected corneas, the formation of new vessels towards the center of the cornea is likely the result of lingering host inflammatory response. The underlying mechanisms controlling inflammation, inflammation associated angiogenesis, and their resolution remain incompletely understood.
CXCL10 is a pleiotropic molecule capable of exerting potent biological functions, including promoting the chemotactic activity of CXCR3
? cells, inducing apoptosis, regulating cell growth and proliferation as well as angiogenesis in infectious and inflammatory diseases and cancer [20] [21] [22] [23] [24] . CXCL10 is a member of the interferon-inducible tripeptide motif Glu-Leu-Arg-negative (ELR -) CXC chemokines [25] . This chemokine, along with CXCL9 and CXCL11, signals through a G-protein-coupled receptor, CXCR3 which is expressed primarily on activated T lymphocytes and NK cells, and functions in the recruitment of these cells to the sites of infection and inflammation [26] [27] [28] [29] . In addition to their roles in leukocyte recruitment, CXCR3 ligands exert direct antimicrobial effects that are comparable to the effects mediated by cationic antimicrobial peptides, including defensins [30] . In previous studies, we showed that CXCL10 participated in corneal innate defense against microbial infection, including as an epithelial-expressed antimicrobial peptide and chemokine to attract cells such as Natural killer cells [31] . Our studies revealed a complicated signaling pathway, including TLRdependent epithelial expression of CXCL10, CXCR3-dependent-NK cell infiltration and production of IFN-c, the activation of IRF1, that further augmented expression of CXCL10 in both infiltrated and residential cells [31, 32] . We proposed that the induced and persistently expressed CXCL10 in inflammatory corneas may serve as an endogenous factor that prevents angiogenesis and control vessel regression.
In this study, we used two corneal neovascularization models and assessed not only hem-but also lymph-angiogenesis in the avascular corneas. We showed strong inhibitory effects of CXCL10 on corneal hem-and lymphangiogenesis and identified MMP-13 as a downstream effector that required for the growth of the vessels into the cornea. Our data also showed potential of gene therapy to treated corneal infection and neovascularization and topical application of CXCL10 as an adjunctive reagent to accelerate fungal clearance, inflammation resolution, and/or to reduce or prevent neovascularization in the cornea.
Methods

Fungi
CA strain SC5314, a clinical isolate capable of producing experimental keratomycosis, was cultured on YPD agar (Sigma) for 3 days at 25°C. Colonies were harvested after 3 days of inoculation and diluted in sterile phosphatebuffered saline (PBS) to yield 2 9 10 5 colony-forming units (CFU)/lL based on the optical density (OD) at 600 nm, using a predetermined OD 600 conversion factor of 1 OD = 3 9 10 7 CFU/ml. AAV-9 mediated overexpression of CXCL10 in B6 mouse corneas AAV-2-9 were first tested for their effectiveness in the expression of GFP in the cornea and AAV-9 was found most effective and therefore was used. Mice were subconjunctivally injected with 5 ll AAV9-GFP or -CXCL10 (3 9 10 12 /ml). The expression of CXCL10 in corneas was monitored by immunostaining 14 days after injection.
Infection procedure
Mice were anesthetized with ketamine/xylazine and placed beneath a stereoscopic microscope at a magnification of 40 9 , and the cornea of the left eye of each mouse was wounded with three 1-mm incisions using a sterile 25-gauge needle. A 5 ll suspension containing 10 5 CFU of C. albicans strain SC5314 was applied to the surface of the scarified cornea. Eyes were examined daily to monitor the disease progression. For determining if CXCL10 prevents hem-and hymph-angiogenesis in infected corneas, B6 mouse corneas were inoculated with 1.0 9 10 5 CFU of C. albicans. Topical solution containing lubricant were used to dissolve CXCL10 (25 lg/ml) and then applied starting 6 or 16 hpi and after then every 3 h. The corneas were photographed daily.
To define the role of MMP13 and Timp1 in corneal angiogenesis, 5 ll MMP13 inhibitor (10 ng/ll) (EMD Millipore, MA), Timp1 SiRNA (20 lM, Dharmacon) or Non-Targeting SiRNA (20 lM, Dharmacon) SiRNA was subconjunctivally injected prior 24 h to suture and reinjected every two days. For suture-induced corneal hemand lymph-angiogenesis, three 11-0 nylon sutures (Serag Wiessner, Naila, Germany) were placed intrastromally into the right cornea. Each group comprised 5 mice. Eyes were taken photos with slit-lamp daily to monitor the disease progression.
Fungal burden in the cornea
Corneas (n = 5/group) from C. albicans-infected mice were collected, and the number of viable bacteria was determined by the plate count method. Individual corneas were homogenized in sterile PBS, and aliquots (100 ll) of serial dilutions were plated onto YPD agar plates in triplicates. The plates were incubated overnight at 37°C and bacterial colonies were counted. The results were expressed as the mean number of CFU/cornea ± standard error of the mean.
Suture-induced corneal hemangiogenesis and lymphangiogenesis
Mice were subconjuctivally injected with 5 ll AAV9-GFP or -CXCL10 (3 9 10 12 /ml). The expression of CXCL10 in corneas was monitored by immunostaining 14 days after injection. To define the role of MMP13 and Timp1 in corneal angiogenesis, 5 ll MMP13 inhibitor (10 ng/ll) (EMD Millipore, MA), Timp1 SiRNA (20 lM, Dharmacon) or Non-Targeting SiRNA (20 lM, Dharmacon) SiRNA were subconjuactivally injected prior 24 h to suture and reinjected every two days. For suture-induced corneal hemangiogenesis and lymphangiogenesis, three 11-0 nylon sutures (SeragWiessner, Naila, Germany) were placed intrastromally into the right cornea. Each group comprised 5 mice. Daily photos of the eyes were taken with a slit lamp to monitor disease progression.
RT-PCR and real-time PCR
Mouse cornea RNA was extracted using RNeasy Mini Kit (QIAGEN), according to the manufacturer's instructions. cDNA was generated with an oligo (dT) primer (Invitrogen) followed by analysis using real-time PCR with the Power SYBR Green PCR Master Mix (AB Applied Biosystems, University Park, IL) based on the expression of b-actin. Generated cDNA was amplified by PCR by using primers for mouse Cxcl10, Cxcr3 and b-actin. The PCR products and the internal control b-actin were subjected to electrophoresis on 1% agarose gels containing ethidium bromide. Stained gels were captured by using a digital camera. The following primer pairs were used:
Analyzing the expression profile of angiogenesisrelated proteins
Mouse corneas (n = 4/group) were collected, homogenized in PBS with protease inhibitors and 1% Triton X-100. The protein concentration in cell lysates was determined with the bicinchoninic acid detection assay (MicroBCA; Pierce). Proteins were then probed with mouse angiogenesis antibody proteome profiler array R&D system, Minneapolis, MN) according to manufacturer's instructions. In short, in this method proteins are captured by antibodies spotted on a nitrocellulose membrane. Levels of angiogenic factors are then assessed using an HRPconjugated antibody followed by chemiluminescence detection. Pixel densities were analyzed by Photoshop.
Western blot analyses
Mouse corneas were lysed with radioimmunoprecipitation assay (RIPA) buffer (150 mm NaCl, 100 mm Tris-HCl [pH 7.5], 1% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 50 mm NaF, 100 mm sodium pyrophosphate, and 3.5 mm sodium orthovanadate). A protease inhibitor cocktail (aprotinin, pepstatin A, leupeptin, and antipain, 1 mg/mL each) and 0.1 M phenylmethylsulfonyl fluoride were added to the RIPA buffer (1:1000 dilution) before use. The protein concentration in cell lysates was determined with the bicinchoninic acid detection assay (MicroBCA; Pierce). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in Tris/glycine/SDS buffer (25 mM Tris, 250 mM glycine, and 0.1% SDS) and electroblotted onto nitrocellulose membranes (0.45-lm pores; Bio-Rad, Hercules, CA).
After blocking for 1 h in Tris-buffered saline/Tween (TBST; 20 mM Tris-HCl, 150 mM NaCl, and 0.5% Tween) containing 5% nonfat milk, the blots were probed with mouse anti-VEGFa (Abcam,1:1000) and b-actin (Sigma1:10,000) antibodies at 4°C. The membranes were washed with 0.05% (vol/vol) Tween 20 in TBS (pH 7.6) and incubated with a 1:2000 dilution of horseradish peroxidase-conjugated secondary antibodies (Bio-Rad) for 60 min at room temperature. Protein bands were visualized by chemiluminescence (Supersignal reagents; Pierce).
Immunostaining of whole mount corneal tissue
Mice were euthanized, and the entire cornea plus the limbus was excised under the operating microscope. Excised corneas were fixed in 4% paraformaldehyde and stored at 4°C until further processing. Before staining, radial incisions were made to produce six pie-shaped wedges. Corneas were washed in PBS, incubated in 20 mmol/L prewarmed EDTA for 30 min at 37°C, and incubated with a 0.2% solution of Triton X-100 in PBS plus 1% bovine serum albumin (BSA) for 1 h at room temperature. After blocking, the corneas were incubated overnight at 4°C with 100 ll of mouse CD31 (BD Pharmingen, San Diego, CA), LYVE-1 (AngioBio) or btublin-III (Covance) antibody diluted in PBS with 1% BSA. The tissues were then washed five times in PBS. Corneas were then incubated with 100 ll Cy3-conjugated and FITCconjugated antibody diluted in PBS with 1% BSA for 1 h at room temperature. This was followed by five washes in PBS. Stained tissue whole mounts were placed in Vectashield mounting medium (Vector Lab, Burlingame, CA) onto glass slides and coverslipped. Corneal whole mounts were examined using confocal microscopy (TCSSP2; Leica, Wetzlar, Germany). Negative controls include isotype matched IgG to replace first antibodies, only dilution of the control antibody showing negative staining was used.
Apoptosis and necrosis assay
To detect apoptotic and necrosis cells, human brain hTERT stained with an Annexin V & Apo 2.7-PE kit (BD Biosciences) and mounted with Vectorshield mounting DAPI medium for nuclear staining and examined under an Olympus BX5OF fluorescence microscope (Olympus, Tokyo, Japan) with an ApoTome digital camera.
In vitro assay of the anti-hem-or lymphangiogenesis of recombinant CXCL10 and conditioned cultured media of human corneal epithelial cells
Human CECs were starved overnight and transfected with 1.5 9 10 11 cfu (Recombinant adeno-associated virus vector-2) with inserted DNA that encoded the human CXCL10 with green fluorescence protein as the control. At day 3 post AAV2 infection, fresh medium were replaced and cells were further cultured for 1 day and media collected as conditioned media for the culture of human brain hTERT (hBRVECs) or primary lymphatic endothelial cells (LECs) in Matrigel. Conditioned media of CECs were also used on culture endothelial cells which were subjected to Annexin V and propidium iodide staining for apoptotic and necrotic cells and photographed using Nikon ECLIPSE 90i microscopy.
CXCL10 and CXCR3 neutralization
Mice (n = 5/group/treatment) were anesthetized as prescribed and rabbit anti-murine CXCL-10(2.5 lg/5 ll, Peprotech) or Rabbit anti-Murine CXCR3 (2.5 lg/5 ll, Abnova), and injected subconjunctivally 6 h before CA infection.
Statistical analysis
Data were presented as mean ± SD. Statistical differences among three or more groups were identified using one-way ANOVA. Differences were considered statistically significant at p \ 0.05. Between two groups, an unpaired, twotailed Student's t test was used to determine statistical significance for data from fungal counts, cytokine ELISA, the MPO assay and clinical scores. Experiments were repeated at least twice to ensure reproducibility.
Results
AAV9 mediated-expression of mCXCL10 in mouse corneal epithelial cells
To assess the role of CXCL10, we first tested the feasibility of expressing the chemokine in the cornea using AAV-mediated gene delivery. Our preliminary data revealed that among several adeno-associated viruses tested, AAV9-GFP resulted in the highest expression of GFP in B6 mouse corneas. Hence, we generated an AAV9 carrying a synthetic gene encoding mouse CXCL10 with AAV9-GFP as a negative control. The AAV-viruses were injected into subconjunctival space. Immunohistochemistry using CXCL10 antibody revealed the expression of CXCL10 in AAV9-CXCL10, but not -GFP, transfected mouse corneas 14 days post-AAV injection (Fig. 1a) . The AAV9-mediated CXCL10 expression remained at detectable levels 1 month post-AAV injection; no ocular surface abnormalities were observed in CXCL10 transfected corneas (data not shown). RT-PCR also showed CXCL10 overexpression in AAV9-CXCL10 injected corneas (Fig. 1a) .
CXCL10 through CXCR3 prevents C. albicansinduced hem-and lymph-angiogenesis in the B6 mouse corneas
To assess the effects of CXCL10 on fungal keratitis and on C. albicans-induced hem-and lymph-angiogenesis, we either overexpressed CXCL10 through AAV9-mediated transfection or neutralized the endogenously generated molecules using CXCL10 antibody. The progress of keratitis under different experimental conditions was shown with micrographs of the cornea (Fig. 1b) . The CA keratitis in C57BL/6 mice, or the controls treated with AAV9-GFP or isotope matched IgGs, was moderate at 1 dpi and exhibited mild eye diseases at 7 dpi. AAV-9 mediated CXCL10 expression prevented C. albicans-keratitis from occurring while its neutralization increased the severity of keratitis compared to the controls. The presence and progression of vessels in the corneas were assessed using whole mount confocal microscopy (Fig. 1c) . In normal eyes, blood and lymph-vessels, detected with antibodies against CD31, the marker for blood vessel endothelial cells, and Lyve-1, the marker for lymphatic endothelial cells, respectively, were only seen in the limbal region, with one major lymph-vessel running in parallel to the limbus-cornea junction and a network of hem-vessels with no free endings pointing to the cornea. In C. albicansinfected corneas, a thick vessel(s) was formed along with a parallel lymph-vessel, and numerous new vessels grew into the corneas with free endings. In these corneas, lymphatic vessels were derived from the limbal lymphatic vessel; Fig. 1 Epithelial levels of CXCL10 control C. albicans induced angiogenesis in the cornea. A. AAV-9 mediated epithelial expression of CXCL10 in the cornea. AAV9-GFP or AAV9CXCL10 were injected subconjunctivally and at day 14 corneas were collected and the expression of CXCL10 was assessed using immunohistochemistry and RT-PCR. B. To assess the role of exogenously expressed or endogenously induced CXCL10, AAV9-GFP or AAV9CXCL10, CXCL10 neutralizing antibody, or nonspecific IgG as the control, was injected subconjunctuvally. The treated corners, 14 days post AAV9 infection or 6 h post antibody injection, were inoculated with C. albicans and photographed at the indicated days p.i. with slid lamp. C. The blood and lymph vessels were visualized by whole mount staining of the corneas with CD31 for blood and LYVE1 for lymph vessels. L: Limbus. To quantify neovascularization in infected corneas, the lengths of blood (D) or lymph vessels (E) from the edge of the limbal region to the tip of vessels was measured by Image J. The results are representative of two independent experiments (N = 3 each) and indicated p values were generated using unpaired Student's t test. **p \ 0.01, *p \ 0.05 Angiogenesis (2017) 20:505-518 509 these corneal vessels branched to form smaller growing vessels. Interestingly, the lymphatic vessels penetrated the cornea much deeper than the hem-vessels. While a similar pattern of neovascularization can be seen in AAV9-GFP transfected corneas, there was no new vessel formation in AAV9-CXCL10-transfected corneas. On the other hand, the neutralization of CXCL10 resulted in robust neovascularization in both number and length of corneal blood (Fig. 1d ) and lymphatic vessels (Fig. 1e) . Thus, while the over-expression of CXCL10 prevents neovascularization, the endogenously expressed CXCL10 serves as an important anti-angiogenic factor in the cornea in response to CA infection.
The only known receptor of CXCL10 is CXCR3. To determine whether the over-expressed CXCL10 acts through CXCR3, we blockaded the CXCL10-CXCR3-signaling pathway using CXCR neutralizing antibody. As shown in sFig. 1, about 10 3 cfu C. albicans were detected in the control corneas while neutralized of CXCL10 or/and CXCR3 resulted in an increase in fungal load of *1.5 fold. Corneas with CXCL10 overexpression had few recoverable CA, a marked decrease in the number of pathogens that remained in the cornea. The protective effect of AAV9-mediated CXCL10 expression was abolished in CXCR3-neutralized corneas (Fig. 2a) . Targeting CXCR3 signaling, regardless the expression of CXCL10, resulted in more robust neo-vessel formation in the corneas compared to control antibody-treated corneas (Fig. 2b) . Neutralizing CXCR3 significantly increased the blood (Fig. 2c) and lymph (Fig. 2d) vessel length in the control but more dramatic in CXCL10 expressing corneas. Hence, the data indicated CXCL10 acts as a chemokine that binds to CXCR3 to modulate neovascularization in the cornea. The observed effects of epithelial expressed CXCL10 on corneal neovascularization may be related to its ability to induce the collapse of endothelium network (vessel line, sFig. 2A) and necrosis of endothelial cells in vitro (sFig. 2B).
The expression of angiogenic factors is related to the levels of CXCL10 in the C. albicans-infected corneas Angiogenesis requires coordinated action of a group of genes, which can be functionally characterized as pro-or anti-angiogenic factors. We used a membrane-based antibody array for the parallel determination of the relative levels of selected angiogenesis-related proteins (54 proteins for mouse, R&D system) (sFig. 3). Among 54 antibodies on the membranes of Proteome Profiler TM (ARY015), 14 proteins were detected with different degrees of altered expression in C. albicans-infected corneas with or without AAV9-CXCL10 transfection: IGFBP3, MMP3, Osteopontin, Platlet factor 4, Serpine1, thrombospondin2, IL-1a, IL-10, MCP-1, MMP-9, PD-ECGF, pentraxin-3, and VEGFa (sFig. 3A). The relative expression of these 14 genes, including VEGFa, were analyzed according to the Manufacturer's Assay manual, as shown in sFig. 3B. To further assess if VEGF was induced, we performed Western blotting of the whole corneal extracts and detected VEGFa at the protein level in infected (lane G) but not naïve (lane N) and infected and CXCL10 expressing (lane 10) corneas whereas neutralizing CXCL10 (lane a) resulted in a great increase of VEGFa in C. albicans-infected corneas (Fig. 3a) . There was no VEGFc, which is known to induce lymphangiogenesis [33, 34] , on the Proteome Profiler membrane and Western blotting was also unable to detected VEGFc in the same cell extracts in which relatively abundant VEGFa levels were detected (data not shown). We then used RT-PCR to detect VEGFc as well as prospero homeobox 1 (Prox-1), which is a marker of lymphatic endothelial cells [35, 36] . Indeed, both VEGF-c and Prox1 were detected in C. albicans-infected and more apparent in the infected corneas with CXCL10 neutralizing antibodies at both 4 and 7 dpi (Fig. 4b) . Hence, the anti-angiogenic effect of CXCL10 was at least partially through controlling the expression of VEGFa and VEGFc.
It was of interest to note that when CXCL10 was neutralized and neovascularization was robust, the expression of CXCL4 (platelet factor 4, column 4, sFig. 3), an angiostatic chemokine known to bind to CXCR3, was also greatly upregulated, suggesting that the anti-angiogenic effects of CXCL10 in the cornea may not be replaced by CXCL4.
The expression patterns of MMP3, MMP13, TIMP1 and Serpine1 detected by Proteome Profiler were confirmed using real-time PCR (Fig. 3c ). Among these proteinases and proteinase inhibitor, MMP13, was the most highly upregulated gene in the infected, CXCL10 neutralized corneas.
CXCL10 overexpression prevents suture-induced hem-and lymph-angiogenesis
The fact that there was a great decrease in fungal burden in the corneas transfected with AAV9-CXCL10 suggested that the observed inhibitory effects of overexpressed CXCL10 might be the indirect results of pathogen clearance. To address this issue, we used an inflammationcaused hem-and lymph-angiogenesis model, the standardized suture placement model [37] (Fig. 4) . Three sutures were placed in the control, AAV9-GFP, or CXCL10-transfected B6 mouse corneas. The sutures caused corneal lesions and opacification in the corneas, with or without CXCL10 overexpression (Arrowheads, Fig. 4a ). Robust neovascularization of both hem-and lymph-vessels towards the sites of suture placements was observed in the control and AAV9-GFP, but not CXCL10 transfected corneas (7d, Fig. 4a, b) . In comparing C. albicans-and suture-induced neovascularization, we observed that in infected corneas, lymph-vessels were formed in front of hem-vessels (Fig. 1c) , whereas in the sutured corneas, hem vessels were formed with great intensity and Fig. 3 Expression of angiogenesis-related genes in C. albicans infected corneas expressing or neutralized CXCL10. A. Mouse corneas were subconjunctivally injected AAV9-CXCL10, AAV9-GFP for transfection or anti-CXCL10 and inoculated with C. albicans. Western blotting probed 4 dpi corneal extracts for VEGFa with actin as the internal control. B. RT PCR to detecting the expression of VEGFc and lymph vessel marker Prox-1 using RNA extracted from 4 to 7 dpi corneas. C. Realtime PCR validation of proteome array data for MMP2, MMP13, TIMP1, Serpine1, as well as MMP13 which was on the list of Proteome Profiler for angiogenic factors (sF3). The results are representative of two independent experiments (N = 3 each) and indicated p values were generated using unpaired Student's t test. **p \ 0.01, *p \ 0.05
Angiogenesis (2017) 20:505-518 511 reached the sites of the sutures, while lymph-vessels were a noticeable distance away (Fig. 4b) . In CXCL10-expressing corneas, no vessels grew into the corneas, despite clearly visible inflammation (opacification) around the sutures (Fig. 4) . Interestingly, individual CD31-positive cells could be seen in between the limbus and the suture in a nonrandom fashion; they appeared to form lines (AVA-CXCL10, Fig. 4b ), suggesting that CXCL10 may not affect vessel endothelial cell migration along a track, but prevent tube formation or induce the dissociation of formed vessels. There were also weakly stained Lyve-1-positive cells. Using cultured human corneal epithelial cells expressing CXCL10, we demonstrated that hTERT immortalized brain endothelial cells [38] and primarily lymph-endothelial cells cultured in the conditioned media derived from AAV2-CXCl10 transfected cells had more Annexin V and propidium iodide positive cells and formed some tube like structures with deteriorating networks (sFig. 2A), suggesting CXCL10, potentially with other epithelial secreted factors, stimulated vesicular endothelial cell necrosis.
MMP13, but not TIMP1, is required for corneal angiogenesis induced by suture
To define the role of MMP13 in corneal angiogenesis, we treated the sutured corneas with either MMP13 specific inhibitor or siRNA targeting TIMP1 (Fig. 5a ). Western blotting of TIMP1 of naïve corneas and the corneas treated either with control or TIMP1 siRNA revealed suture-induced expression was downregulated by TIMP1 specific siRNA (Fig. 5b ). Targeting TIMP1 expression had minimal effects on neovascularization (Fig. 5a-c) . On the other hand, MMP13 inhibitor blocked the formation of the vessels in the sutured corneas, indicating an essential role of MMP13 in neovascularization and suggesting a novel effective target for blocking pathogenic angiogenesis ( Fig. 5a-d) .
To assess if MMP13 inhibition affects CXCL10 expression, we performed immunohistochemistry analysis (Fig. 6) . We previously showed that the naïve cornea did not express CXCL10 [31, 32] . In sutured, control cornea, CXCL10 was expressed primarily in the epithelial cells (E) while CD31-stained vessels were located in the stroma (arrows); hem-endothelial cells were negative for CXCL10 staining (Fig. 6a) . MMP13 inhibitor-treated corneas, on the other hand, lacked detectable vessels, and yet the expression of CXCL10 in epithelial cells (E) was not affected by MMP13 inhibition (Fig. 6b) .
Topical CXCL10 inhibits C. albicans induced angiogenesis and preserves the integrity of sensory nerves in B6 mouse corneas
The ideal way to deliver therapeutic reagents to the eye is topical application in the form of eye drops. To that end, Fig. 4 CXCL10 blocks suture-induced angiogenesis in the cornea. B6 mouse corneas were infected with AAV9-GFP or AAV9CXCL10. At day 14 post AAV9 infection, three non-penetrating sutures were placed. A. At 3 (3d) and 7 (7d) days post suture, corneas were photographed. Arrowheads, suture sites. B. At 7 days post suture, the corneas were excised, and subjected to whole mount staining with CD31 for blood (green) and LYVE1 for lymph (red) vessels, respectively. L: limbus. C. Quantitation of the lengths of blood vessels from the edge of the limbal region to the tips of vessels in the infected corneas. D. Quantitation of the lengths of lymph vessels from the edge of the limbal region to the tips of vessels in the corneas. The results are representative of two independent experiments (N = 3 each) and indicated p values were generated using unpaired Student's t test. **p \ 0.01, *p \ 0.05. (Color figure online) we reconstituted 25 lg/ml CXCL10 solution with Thera Tears (Akorn Pharmaceuticals), an over-the-counter eye lubricant, for its ability to increase ocular surface retention (Fig. 7) . We assessed the effects of topical application of CXCL10on neovascularization caused as well as innervation by C. albicans infection, topical CXCL10 was applied at 16 hpi (Fig. 7) . Eye-drops containing CXCL10 improved keratitis but central cornea inflammation remained at 3 dpi, but greatly decreased the opacity of the corneas at 5 and 7 dpi (Fig. 7a) . Whole mount staining of CD31 and LYVE-1 revealed that infection induced hemand lymph-angiogenesis was inhibited by topical CXCL10 (Fig. 7b) . Analyses of blood (C) and lymph (Fig. 7d ) vessels indicated that topical application of CXCL10 was sufficient to prevent neo-vessel formation in C. albicansinfected corneas.
We also assessed sensory nerve fibers and endings in C. albicans infected corneas to determine whether fungal infection adversely affects corneal innervation. As shown in Fig. 7e , robust innervation in the form of small c-fibers and the sub-basal nerve plexus was seen in normal untreated corneas with blood vessels only in the limbal region (L) (NL, Fig. 7e ). C. albicans infection caused new vessel formation in the otherwise avascular cornea and resulted in disappearance of sub-basal nerve endings without significantly affecting nerve fibers (Lubricant, Fig. 7e ). Topical CXCL10 prevented blood vessel formation and partially preserved the sub-basal nerve plexus, as evidenced by a higher density of nerve endings compared to that of the control lubricant-treated corneas (Lub ? CXCL10, Fig. 7e ).
Discussion
In this study, we showed that epithelial-expressed CXCL10 acts as an intrinsic inhibitor to mediate both hem-and lymph-angiogenesis in the infected and inflammatory corneas and manipulation of CXCL10 expression can control angiogenesis in vivo. We first documented AAV-mediated CXCL10 expression in corneal epithelial cells and demonstrated that overexpression of CXCL10 prevents new vessel formation under the conditions that favor angiogenesis. Our data showed that CXCL10 functions as an anti-angiogenic factor through its receptor CXCR3 expressed in infiltrated cells and vascular endothelial cells directly and through controlling the expression of other angiogenic factors such as VEGFa and c, as well as effectors such as MMP13 and Serpine1 indirectly. Our study also revealed subconjunctival injection and AAVgene delivery can be used as an effective gene therapy to treat corneal diseases and potentially other ocular diseases, and is the first to show that epithelially-expressed CXCL10 also inhibits lymph-angiogenesis in the cornea, and inhibiting MMP-13 is effective in preventing formation of new vessels. In conclusion, our results suggest that targeted expression of CXCL10 may render tissues or even tumors an ability to resist abnormal angiogenesis, and raise the possibility of using topical CXCL10 to reduce the rate of rejection in corneal-limbal grafts, through inhibition of lymph-vessel formation, especially for high-risk fungal keratitis patients [39] . Subconjunctival injection is a routinely used ophthalmic procedure, known to be effective in treating corneal diseases and glaucoma without daily multiple applications of eye drops [40, 41] . This route has been used successfully to introduce anti-angiogenic factors to treat angiogenesis, mostly in alkali burn models [42] [43] [44] . Similar to an earlier report, we demonstrated that the rAAV was capable of directly delivering CXCL10 to the corneal epithelium by way of subconjunctival injection and was able to deliver sustained, high level expression of the gene in vivo to block C. albicans infection and to inhibit angiogenesis while exhibiting limited effects on inflammation. Hence, AAV and subconjunctival injection represent an effective way for gene therapy to treat ocular surface diseases and potentially other ocular diseases such as delivering IL-10 to treat uveitis and CNTF to protect retinal ganglion cells to treat glaucoma [45] .
The role of CXCL10 in inhibiting angiogenesis (angiostasis) has been extensively studied in various tissues, including in the cornea [46, 47] . The cornea is unique in that it is avascular. Many factors were identified as intrinsic factors for maintaining the avascularity of the cornea which is adjacent to a highly vascularized tissue, the limbus. However, angiogenesis does occur in injured, infected and/ or inflamed corneas, resulting in the loss of vision. As such, a strong inducible anti-angiogenic network in the cornea is expected. The factors and effectors that encounter pro-angiogenic forces under these pathological conditions in the corneas are less well defined. Our previous studies revealed that CXCL10 was one of most highly inducible genes in corneal epithelia cells. The fact that exogenously applied CXCL10, either through forced expression in epithelia or topical application prevents angiogenesis indicates that CXCL10 is a potent angiostatic factor in the stimulated corneas. The demonstrated ability of CXCL10 to prevent corneal angiogenesis in two different models, consisting of both infection and sterile triggers, suggests that CXCL10 is a major anti-angiogenic factor produced by corneal epithelial cells in response to angiogenic stimulation in the cornea. The observation that neutralizing induced CXCL10 or blocking its signaling greatly exacerbates both hem-and lymph-angiogenesis in C. albican induced angiogenesis further confirmed the role of CXCL10 in inhibiting new vessel formation. Taken together, we propose that, like expression of FasL and soluble VEGF receptor-1 (sFlt-1) to maintain corneal avascularity in homeostatic corneas, highly inducible, multi-functional CXCL10 is a critical Fig. 6 MMP13 inhibitor upregulats the expression of CXCL10 and blocks angiogenesis in sutured corneas. C57BL/6 mouse corneas (n = 3 for each condition) were subconjunctivally with injected control solution or MMP13 inhibitor for 4 h, followed by sutured as described in Fig. 5 , then stained with CXCL10 and CD31. A. Vehicle injected corneas with visible vessels in the stroma marked with arrows. B. MMP13i injected corneas with no detectable vessels or DC31 positive cells. E: epithelium, L: limbus element for counterbalancing the actions of pro-angiogenic factors generated in infected or inflamed corneas.
How might CXCL10 inhibit angiogenesis in the cornea? Our previous studies revealed that while epithelial cells are the major source of CXCL10 in the challenged corneas, they do not express CXCR3. Hence, this epithelial-expressed chemokine is intended for other type(s) of cells in the cornea. Indeed, we showed that when the epithelium is challenged with flagellin, CXCL10 was expressed in the basal epithelial cells and a group of CXCX3 positive cells were seen lining as a single layer underneath the epithelial layer in the stroma; these cells were shown to be natural killer (NK) cells [32] . NK cells have been shown to possess pro-angiogenic property in non-small cell lung cancer [48] , to remodel maternal vasculature in early pregnancy [49] , and to induce angiogenesis by promoting enhanced VEGF expression by macrophages in the cornea micropocket assays and the laserinduced choroidal neovascularization mouse models (C57BL/6) [50] . It is, however, unclear if the pro-angiogenic effects are related to inflammation mediated by NK cells which are known to be a major source of interferon-c [50] . Since our data indicates that epithelial expression of CXCL10 is anti-angiogenic, it is likely that CXCL10, in addition to being a chemokine, may directly act on both hemand lymph-endothelial cells. Our data showed that corneal epithelial-expressed CXCL10 prevents both hem-and lymph-angiogenesis, but may not prevent the entrance of CD31-and Lyve1-positive cells into inflamed corneas. Our study for the first-time links the effects of CXCL10 on corneal angiogenesis to the expression of MMP-13, while TIMP1 appears not to be involved in the process. In addition, MMP13 was shown to play a role in angiogenesis in cancer and during wound healing [51, 52] . While the levels of CXCL10 had an inverse relationship with that of MMP13, targeting MMP13 had no effects on the epithelium-expressionion of CXCL10 in sutured corneas, suggesting that MMP13 expression is downstream of CXCL10. MMP13 is a highly inducible gene and insulinlike growth factors, TGF-b1, IL-1b and TNFa have been shown to induce its expression in different tissues [53] . MMP-13 is thought to be the major enzyme responsible for cartilage collagen degradation, which is driven by IL-1 cytokine. The IL-1 signaling, however, suppressed by interferon-c, resulting in downregulation of MMP-13 [54, 55] . Our previous study revealed that basal epithelium expressed CXCL10 recruits NK cells to line underneath the basement membrane of the epithelium and infection results in the influx of NK cells that express IFN-c which in turn induces the persistent expression of CXCL10 during infection. Hence, CXCL10 as an early response and highly inducible gene that not only initiate but also maintain the expression of IFN-c, resulting in the suppression of IL-1-induced expression of MMP13. One of the underlying mechanisms for MMP13 to promote angiogenesis is to breakdown heparin sulfate proteoglycan and release the entrapped bFGF, a potent angiogenic growth factor [56] and/or cleave CTGF, which blocks angiogenic activity of VEGF by complex formation [51] . MMP13 has been linked to osteoarthritic cartilage [57, 58] , rheumatoid synovium [59, 60] , chronic cutaneous ulcers [61, 62] , intestinal ulcerations [63, 64] , and chronic periodontitis [65, 66] . We have shown that P. aeruginosa infection induced the expression of MMP13 in the epithelium and utilized it to degrade the underlying basement membrane, resulting in the invasion of the pathogens into the stroma. Topical coapplication of MMP13i with gatifloxacin greatly improved the outcomes of P. aeruginosa keratitis, including accelerated opacity dissolution; decreased inflammation, cellular infiltration, and collagen disorganization; and basement membrane preservation. Thus, as a downstream effector of CXCL10, MMP13 can be targeted using MMP13-specific inhibitors, designed to treat osteoarthritis and rheumatoid arthritis without the side effects often associated with many non-selective MMP inhibitors [67, 68] , for treating pathogenic neovascularization in the cornea and other tissues [69] .
Finally, we showed that CXCL10 eye drops can protect the corneas from C. albicans-induced hem-and lymphangiogenesis as well as preserve the structural integrity of the corneal sub-basal sensory nerve plexus. Thus, CXCL10, via derived peptide [70] , or AAV-CXCL10 vector can be topically applied to the ocular surface to reduce or prevent corneal angiogenesis associated with chemical injury and graft rejection, the latter of which is related to corneal lymphangiogenesis [7, 71] .
